Objective: To track cognitive change over time in dementia-free older adults and to examine terminal cognitive decline.
Spurious acceleration or inflection points may be identified when practice effects wear off, usually by the third and fourth assessments. This situation is illustrated in figure 1 in a very simplified format, where the true timeto-death effects on cognitive functions could be those represented by scenarios I, II, or III. Ignoring practice effects could distort the assessment of event-associated cognitive trajectories.
Here, first, we tested the hypothesis that persons who died during follow-up had different age-associated rates of decline in cognitive functions, as well as different rates of practice effects, than those who survived. Next, limiting the sample to those who died during follow-up, we used a change point model 6, 12 to identify the inflection points at which the rates of decline accelerated, in relation to time of death. METHODS Participants. The Monongahela Valley Independent Elders Survey (MoVIES) project was a populationbased epidemiologic cohort study of cognitive impairment and dementia conducted from 1987 to 2002. As previously reported, 13, 14 the original cohort of 1,681 participants aged 65 and older comprised an age-stratified random sample of 1,422 older adults randomly drawn from voter registration lists (random sample) and 259 volunteers drawn from the same communities (volunteer sample) meeting the same inclusion criteria. All participants were community-dwelling at enrollment. The assessments were conducted primarily in participants' homes and were repeated approximately every 18 months for over 14 years. Average attrition not due to mortality was 2.8% between consecutive data collection waves with 627 subjects still actively participating when the study ended in 2002 (overall 15-year attrition including mortality: 62.7%). For the present analyses, we deleted 136 of the original 1,681 participants who were prevalent cases of dementia at baseline, 309 who became incident cases of dementia during follow-up, and 4 who completed no neuropsychological tests at baseline. We also removed 2 outliers (participants whose ages at death fell at 2.75 [age 99] and 3.97 [age 107] standard deviations above the mean). The analyses reported here are based on the remaining 1,230 participants.
Standard protocol approvals, registrations, and patient consents. Written informed consent was obtained from all participants and the University of Pittsburgh Institutional Review Board approved the study.
Cognitive measures. The MoVIES cognitive test battery in-
corporated the neuropsychological panel established by the Consortium to Establish a Registry for Alzheimer's Disease (CERAD). 15 Tests included the Mini-Mental State Examination (MMSE), 16 Trail Making Tests A and B, 17 CERAD 10-word Word List Learning and Delayed Recall, 15 Story Immediate Retell and Delayed Recall, 18 Initial Letter Fluency (P and S) and Category Fluency (Fruits and Animals), 19 15-item CERAD version of the Boston Naming Test, 20 CERAD Constructional Praxis, 21 and Clock Drawing. 22 The MMSE, CERAD Constructional Praxis, and Clock Drawing were excluded from the current analysis due to their highly skewed distributions. For the remaining tests, composite scores were created to represent specific cognitive domains, with groupings based on conceptual grounds and factor analysis. 23 Individual test scores were first z-transformed based on their distribution at baseline, combined as shown below, and averaged to create composite scores: 1) learning: Word List Learning Test (total of 3 trials) and Story, Immediate Retell; 2) memory: Word List Delayed Recall and Story Delayed Recall; 3) language: Verbal Fluency for Categories and Boston Naming Test; 4) psychomotor speed: Trail Making Test A (correct connections per second); and 5) executive function: Verbal Fluency for Initial Letters and Trail Making Test B (correct connections per second).
Diagnosis of dementia.
At each wave, participants with operationally defined cognitive impairment or decline, and a randomly selected comparison group of individuals with normal cognitive scores, were selected to undergo a clinical assessment for dementia. 13 Diagnosis of dementia was based on the criteria of the DSM-III-R 24 and severity or stage of dementia was based on the Clinical Dementia Rating scale (CDR). 25 Details of the diagnostic procedures are described elsewhere. 13, 14 For current analyses, we excluded both prevalent and incident cases of dementia including very mild dementia defined as CDR ϭ 0.5.
Other covariates and mortality. Demographic characteristics (age, sex, and education [high school education or higher vs less than high school education]) and recruitment status (volunteers vs random sample) were included in all models. Complete ascertainment of mortality was obtained from baseline (enrollment between 1987 and 1989) until death (or censored by end of the study, December 31, 2001 ). Date of death was obtained from obituaries and confirmed by obtaining death certificate information. Our study protocol to confirm death certificate is described in detail elsewhere. 26 Analysis. Characteristics at baseline were compared between those who died during follow-up (decedents) and those who survived (survivors), using the t test for continuous variables and Pearson 2 test for categorical variables. Longitudinal mixedeffects models with penalized linear spline 27 estimated the patterns of change over time in each of 5 cognitive domains, Hypothetical cognitive trajectories with practice effects comparing those who died vs those who survived. This model has the flexibility to estimate nonparametric trajectories (see appendix for further explanation). Five dummy variables indicating the number of cognitive assessments (second, third, fourth, fifth, and sixth), with the baseline assessment as the reference group, were included in all models, allowing us to decompose the cognitive trajectories into age-associated decline and practice effects. Normality of distribution of outcomes (cognitive scores) was confirmed by examining normal probability plots. Next, limiting the data to those who died during follow-up, a longitudinal mixed-effects model with a change point 12 was used to examine whether the annual rate of decline in each cognitive domain changed (accelerated) at some point relative to death, and estimate the magnitude of change. The inclusion of a change point in the mixed-effects model allows the rates of change to differ before and after the change point. The point of change in the coefficients is relative to the time of death (years before death), as opposed to age (years after birth). Five dummy variables were included to indicate the number of assessments and to capture practice effects. We fit models with and without these dummy variables.
The location of the change point relative to death was estimated by maximum likelihood using the SAS procedure NLMIXED (SAS Institute, Cary, NC) and was treated as a fixed effect as opposed to a random effect. Separate mixed-effects models were fit with the change point at fixed 1-month intervals up to 14 years before death. The model with the highest likelihood was used to summarize the results. We tested whether there was an acceleration in the rate of change in outcomes relative to death by calculating a 95% confidence interval (CI) around the parameter on the change point term, using a likelihood ratio approach. 12 The significance of the other terms in the mixedeffects model was determined using a Wald test statistic. 28 Standard errors for the parameter estimates were calculated using the conditional variance as proposed previously. 12 Statistical significance was taken as p ϭ 0.05. We used statistical software R (version 2.11) and SAS (version 9.2, Cary, NC).
RESULTS
Participant characteristics. Participant details are shown in table 1. Among 1,230 participants free from dementia throughout the follow-up period, 613 (48.6%) subjects died during follow-up; they had a mean (SD) follow-up duration of 6.7 (3.9) years. The 617 subjects who survived had a mean (SD) follow-up duration of 9.5 (3.6) years. The 2 groups differed ( p Ͻ 0.001) on all baseline characteristics examined here. As expected, those who died were older, had shorter duration of follow-up, had lower cognitive test performance at baseline in all domains, a smaller proportion had high school or greater educational attainment, were more likely to be men, and were less likely to be from the volunteer subsample than those who survived.
Trajectories of decedents vs survivors.
Age-associated trajectories and practice effects for the 2 groups (decedents vs survivors) were examined for each cognitive domain based on all 1,230 participants (figure 2). The spline curves show that the rates of ageassociated decline were relatively similar between the 2 groups, but striking differences were found in practice curves between the groups. As for executive functions, decedents experienced virtually no practice effects, in sharp contrast to the upward curves observed among the survivors. Overall we observed practice effects in learning, memory, and language functions (first block of rows in table 2, indicated under practice effects). However, decedents had smaller practice effects than survivors, and the difference tended to diverge as the number of assessments increased, especially in learning and executive functions (figure 2 and second block of rows in table 2 indicated under interaction of death and practice effects). For example, the practice effect was lower among decedents compared with the survivors at the sixth assessment by 0.24 SD points ( p ϭ 0.04) in learning and 0.26 SD points ( p ϭ 0.03) in executive functions (interaction of death and sixth assessment). As a post hoc analysis, we also included interactions of age at first interview with number of assessments, hypothesizing that those who joined the study at younger ages could have experienced larger practice effects than those who joined at older ages. Additionally we controlled duration of follow-up and included its interactions with number of assessments, hypothesizing that those who participated for longer durations were healthier in general than those with shorter durations of follow-up, leading to different learning effects. The main results remained un-changed and similar differences as reported in table 2 were found in practice effects between survivors and decedents (results of the additional analyses can be found in table e-1 on the Neurology ® Web site at www.neurology.org).
Next, we examined change point models limiting the sample to decedents (table 3) . Model 1 and 2 presents results with and without controlling for practice effects, respectively. After controlling for practice effects, terminal cognitive decline was first observed in language function (9.7 years before death, CI 8.2-unknown) and executive function (9.7 years, CI 8.0 -unknown), followed, in order, by speed (9.4 years, CI 5.7-13.0), memory (7.5 years, CI 5.2-9.9), and learning (7.4 years, CI 5.4 -8.9). The upper limit of the CIs for executive and language functions could not be observed in our current Age-associated cognitive trajectories and practice effects: Survivors and decedents data; potentially, if the cohort had been followed longer, earlier change points might have been observed. Without controlling for practice effects, the inflection points occurred closer to death for learning, memory, and language functions. DISCUSSION Although practice effects have been studied intensively in the psychological literature, 11,29 -31 their influence on terminal declines has not been established. Among older adults remaining free from dementia during 14 years of observation, we found the rate of age-associated decline in all examined cognitive domains was relatively similar between those who survived and those who died during follow-up. However, we observed substantial differences in the trajectories of practice effects between the 2 groups. Decedents showed smaller practice effects compared with survivors in learning and executive functions.
Previous studies have shown that the amount of practice effect is different between individuals with mild cognitive impairment (MCI) and those who are cognitively intact, 32 as well as between individuals who go on to develop MCI and those who remain cognitively intact. 9, 10 Although the endpoint in our analysis is death, rather than the incidence of MCI or dementia, the biological aging process leading to death could be accompanied by a similar pathologic burden as that in dementing diseases, suppressing practice effects at their earliest stage. In fact, in the Religious Orders Study, 4 age-related decline in cognitive function was mainly attributable to the same neurodegenerative pathology traditionally associated with dementia. Neurofibrillary tangles, cerebral infarction, and neocortical Lewy bodies all contributed to gradual age-related cognitive decline, while little age-related decline was observed in the absence of these lesions. That is, either "normal" cognitive aging (pathology-free cognitive decline) might not exist, or, what we consider normal cognitive aging may itself be a reflection of degenerative or vascular burden. Terminal decline may reflect presymptomatic disease which did not cross the threshold into dementia before the individual died.
We observed differences in practice effects between survivors and decedents mainly in learning and executive functions, but not in memory. It is likely that practice effects are dependent on implicit or procedural abilities reflected by global brain dysfunction, rather than explicit or declarative memory, which is dependent on medial temporal lobe structures such as the hippocampus. Possibly, global brain dysfunction indicated by deficits in practice effects is the outcome of the early stages of Alzheimer disease (AD)-or vascular-related pathology. 33 Limiting the sample to those who died during follow-up, we found language and executive functions had inflection points almost 10 years before death, followed closely by psychomotor speed at around 9 years before death. Accelerations in decline in memory and learning occurred somewhat later, around 7 years before death. Intriguingly, when practice effects were not controlled for, the inflection points were found to occur closer to death for learning, memory, and language functions. This finding suggests that practice effects could be masking true declines. A Swedish population-based study, which examined dementia-free elderly in the Göteborg cohort followed for over 20 years, 3 showed that onset of terminal decline was detectable 6.6 years prior to death for verbal ability measured by the Synonyms test, 7.8 years for spatial ability by the Block Design test, and 14.8 years for perceptual speed by the Figure Identification test. Results are difficult to compare between that study and ours because of differences in the neuropsychological tests used as well as in other variables controlled in the models. However, both studies, with their relatively long follow-up periods, suggest that terminal decline occurs even a decade or more before death in some domains, with most inflection points occurring earlier than 6 years before death.
Neuropsychological tests that are more sensitive than others to subtle declines in cognition might also show earlier inflection points in relation to death. In the population-based longitudinal Kungsholmen project, 7 the impending death group had a faster rate of decline in Word Recognition and Category Fluency during the 3 years before death, compared with the survivors, even after excluding preclinical cases of dementia. In our study, language function, which included a Category Fluency test, showed the earliest inflection point along with executive function measured by Trails B, after controlling for practice effects. Interestingly, Category Fluency test was found useful in identifying preclinical dementia in several studies, 10, 34, 35 and Trails B has also been found to predict subsequent onset of dementia. 36 Thus, these 2 tests seem to be able to identify subtle changes associated either with terminal decline or preclinical dementia. This finding also adds weight to the speculation that AD-related pathology might have been present among our deceased participants even though they did not develop dementia or cognitive impairment during life. Since degenerative pathology can be present even a decade or more before the clinical symptoms of AD appear, [37] [38] [39] it is likely that our dementia-free cohort included individuals with presymptomatic disease.
Advantages of this study include a relatively large cohort followed for up to 14 years, with a low rate of attrition from causes other than mortality. However, an even larger sample followed for even longer would have allowed us to estimate the upper confidence bounds for terminal decline in executive and language functions. Our use of standardized, validated neuropsychological measures is also a strength, although tests more sensitive to subtle impairments might have detected even earlier inflection points. A methodologic innovation is our use of mixed-effects models with penalized linear spline to decompose longitudinal trajectories of cognitive functions into practice effect and age-associated decline, and controlling for practice effects in change point models. Limitations include lack of autopsy data to support our speculations. It is possible that we misclassified some very mild cases of dementia as normal. Statistical significance at the population level does not necessarily reflect clinical significance at the individual level. Change points and their associated accelerations in slopes identified in our data require further steps to translate these findings into a potential prognostic indicator among dementia-free older adults. We suggest, but cannot conclude definitively, that the separation of practice effects from age-associated decline can help identify preclinical dementia.
Longitudinal cognitive trajectories are combinations of age-associated declines (which may partly reflect presymptomatic disease), practice effects, and the duration of survival and follow-up. Careful considerations of each component are required in studying trajectories of cognitive functions. Further studies to examine normal vs pathologic cognitive trajectories could aid in identifying early signs of presymptomatic dementia.
